Background-Many ablative approaches in or near the orifice of the pulmonary vein (PV) have demonstrated success in eliminating atrial fibrillation. Despite current practice, there are no data regarding the in vivo efficacy and safety of an 8-mm catheter tip for ablation at the PV orifice. Methods and Results-Ten mongrel dogs were studied. Thermocouples were implanted in the atrial muscle of the PV orifice. Intracardiac echocardiography monitored catheter position, tip/tissue orientation, and microbubble formation. Ninety-four ablations were performed for 120 seconds. A temperature discrepancy Ͼ10°C between the catheter tip and tissue occurred during 47 (50%) of the ablations. Despite termination of energy delivery, the average tissue temperature remained within 1°C of the achieved steady state for 9 seconds. A temperature discrepancy Ͼ10°C was more common in the right superior PV, with oblique catheter positioning, when tissue temperatures were Ͼ60°C or 80°C, and with type 1 or type 2 microbubble formation. However, microbubbles were not present in 7 (13%, type 1) and 10 (40%, type 2) ablations with tissue temperatures Ͼ80°C. The maximum tissue temperature achieved with non-full-thickness lesions was 47.3Ϯ7.4°C vs 75.9Ϯ11.7°C (PϽ0.0001) for full-thickness lesions. Conclusions-Marked discrepancies between catheter-tip and tissue temperatures occurred with higher temperatures, prolonged ablation times, and unfavorable catheter thermistor-tissue contact. Also, these data suggest a conservative approach to atrial ablation, because full-thickness lesions were obtained when tissue temperatures reached 50°C to 60°C and the tissue retained high heat levels despite termination of radiofrequency energy. Finally, microbubbles are inconsistent markers of tissue overheating.
P redicated on pulmonary vein (PV) involvement in the pathophysiology of atrial fibrillation, many different ablative approaches at or near the orifice of the PV have demonstrated substantial therapeutic success. Nevertheless, a variety of complications, including PV stenosis, char and thrombus formation, and stroke and other embolic events remain a significant source of morbidity. The causes of these complications are incompletely understood, although several groups have suggested excess thermal injury or other components of the ablative strategy, such as repeated energy deliveries, as contributors. [1] [2] [3] [4] [5] [6] However, recent data suggest that the catheter-tip temperatures used to titrate energy delivery may be unreliable. 7, 8 These ongoing problems have provided the incentive for developing other means of grading energy titration, such as using the formation of microbubbles as a marker of tissue heating. 4, 5 Optimism for such an approach is premature without studies to correlate microbubble formation with actual tissue temperatures. Alternatively, 8-mm and irrigatedtip technologies have been developed to optimize ablation efficacy while minimizing complications.
Despite current clinical practice, few data exist regarding the in vivo efficacy and safety of using an 8-mm catheter tip for ablation at the PV orifice or in left atrial tissue. It is unclear whether the temperature recorded at the catheter tip accurately reflects tissue temperature at times or if an extensive "cooled-tip" effect is present near the PV orifice. 9 Therefore, the purposes of this study were to (1) determine the catheter-tip versus tissue temperature profile during ablation with an 8-mm tipped catheter, (2) determine the clinical factors that may result in inaccurate catheter-tip reflection of actual tissue temperatures, and (3) evaluate the impact of repetitive burns at a single site on the dynamics of tissue heating.
Methods

Study Protocol
The study was approved by the Mayo Foundation Institutional Animal Care and Use Committee. Ten mongrel dogs weighing between 30 and 40 kg were used. The animals were anesthetized with intravenous ketamine (10 mg/kg) and diazepam (0.5 mg/kg), intubated, and maintained on 1% to 3% isoflurane with positivepressure ventilation. The hair at both groins, jugular regions, and chest wall was shaved for bilateral thoracotomies and ablation patch positioning. The body temperature was maintained at 37°C by water-flow heating pads and warmed intravenous solutions. The surface ECG, temperature, and blood pressure were recorded before catheterization and every 30 minutes from the time of catheterization.
Catheterization
By a percutaneous approach, 5 sheaths were positioned: an 8F into the left external jugular vein, a 12F into the right external jugular vein, an 8F into the right femoral vein and artery, and a 12F into the left femoral vein. A 6F coronary sinus catheter was introduced through the left external jugular vein and advanced to the distal coronary sinus for anatomic guidance and pacing.
Thermocouple Placement
After establishment of anesthesia, a small left-sided, posterolateral thoracotomy was performed. Careful dissection exposed the external aspects of each PV orifice. For each PV, 2 to 4 thermocouples were implanted in the atrial muscle orifice of the PV. A radiopaque marker was attached to the tip of the thermocouple for fluoroscopic localization. After completion of the left-sided implantation and ablation, the same procedure was followed to dissect out the right superior PV via a right thoracotomy.
The PV orifice tissue temperature was measured directly by embedded IT-21 copper/constantan T-type thermocouples (Physitemp Instrument Inc) with a time constant of 0.08 second. The thermocouples were 0.23 mm in diameter. The sensor signals were amplified and filtered by low-pass filters to minimize the powersource 60-Hz and radiofrequency (RF)-source 500-kHz interference. An analog-to-digital converter (National Instruments) sampled the data at 2.8 samples per channel when acquiring 4 simultaneous channels.
The accuracy of the temperature acquisition system was tested in vitro during RF ablation as previously reported. 8 In brief, postabla- 
Intracardiac Echocardiography
A 10F, 64-element, 5.5-to 10.0-MHz, phased-array intracardiac echocardiography (ICE) catheter was introduced via the right external jugular vein and advanced to the level of the tricuspid annulus. ICE-guided transseptal catheterization to the left atrium was performed with an 8F Mullins sheath and a Brockenbrough needle, as previously described. 10 The ICE catheter was advanced through the left femoral vein to the level of the tricuspid annulus to monitor the catheter positioning, tip/tissue orientation, the development of microbubbles, and/or tissue changes during ablation.
Catheterization and Ablation
A temperature-controlled, multisensor catheter with an 8-mm-tip electrode was inserted through the right femoral sheath. The catheter system referred to as the "tip" in this article consisted of 4 temperature sensors embedded within the distal catheter, with 1 at the most distal tip location, and 3 located 120°axially from each other in a more proximal position. Power output was limited by the highest of the 4 thermistor temperatures. The maximum temperature from the 4 thermistor recordings during a 1-second interval was considered the maximum catheter-tip temperature for the subsequent analysis. Under guidance by fluoroscopy and ICE, the ablation catheter tip was placed endocardially, directly across from the epicardially implanted thermocouple. The catheter position and orientation were verified by fluoroscopy, ICE, and the radiopaque thermocouple marker.
Ablation energy was first titrated to achieve a steady-state temperature of 50°C at the catheter tip. Once this temperature was reached, the RF power was increased to increment the tip temperature by 5°C. When the steady-state temperature was achieved, the process of increasing the temperature was repeated over the course of 120 seconds. The rate of temperature increase was 5 to 15 seconds, depending on the time required to reach a steady-state catheter-tip temperature. Simultaneous data acquisition of catheter-tip and PV tissue temperatures were made, and power and impedance were recorded. Occurrence of microbubbles was noted and characterized as scattered microbubbles (type 1) and a brisk "shower" of dense microbubbles (type 2). 4 The catheter temperature was increased throughout the ablation period, independent of microbubble formation.
Pathology
At the end of the study, ventricular fibrillation was induced with high-rate burst pacing, and the animal was exsanguinated. The entire heart-lung preparation was removed with the pericardium intact. A gross examination was performed at this time, during which both endocardial and epicardial tissue surfaces of ablation lesions were reviewed. Evidence of device-related trauma to any cardiac structure was documented. Ablation lesions were characterized as full or partial thickness.
Statistical Analysis
Continuous variables were reported as meanϮSD, and comparisons between groups were based on a 2-sample t test (parametric) or the Wilcoxon rank-sum test (nonparametric). Categorical variables were summarized as percentages, and group comparisons were based on the 2 test. Subsequent multivariate analyses were based on logisticregression models in which a temperature discrepancy of Ͼ10°C and Ͼ20°C and the development of type 1and type 2 microbubbles were dependent variables. In each analysis, odds ratios (ORs) with 95% confidence intervals (CIs) were used to characterize the association of ablation characteristics (catheter orientation, PV, ablation number, and temperature Ͼ60°C and Ͼ80°C) with the likelihood of developing the dependent variable. A fit of the in vivo PV orifice temperature was examined by plotting this versus the catheter-tip temperature. The data correlation and trendline were assessed by the highest R 2 result without evidence of lack of fit.
Results
General Ablation Characteristics
A total of 94 ablations were performed at the superior and inferior PV orifices; the right superior PV in 38 (40%), left 
Impact of Ablation Number
The ablation attempts were examined at 30, 60, and 90 seconds, for 10 seconds, after a tissue steady-state temperature was reached (Table 2) . Despite similar power, there was a trend toward increased tissue temperatures with more ablations at 30, 60, and 90 seconds. The temperature discrepancy was Ͼ10°C during 18 (50%, ablation 1), 18 (56%, ablation 2), and 11 (42%, ablation 3) ablations. The discrepancy was Ͼ20°C during 9 (25%, ablation 1), 12 (38%, ablation 2), and 11 (42%, ablation 3) ablations ( Figure 4A ). Both the number of discrepancies Ͼ10°C and Ͼ20°C were reduced when assessing the first 60 seconds of energy delivery, although the incidence increased with ablation number ( Figure 4B ).
Predictors of Temperature Discrepancy
Although the overall average tissue and catheter-tip temperatures were similar, there were periods when there was a marked discrepancy. A temperature discrepancy Ͼ10°C was more common in the right superior PV, with an oblique catheter position, with tissue temperatures Ͼ60°C, and when type 1 or type 2 microbubbles were present (Table 3) . In multivariate analysis, the ablation number and type 1 microbubbles were predictive of an increased risk of a Ͼ10°C tissue discrepancy ( Figure 5A ). Similarly, a marked temperature discrepancy of Ͼ20°C was more likely with ablation in the right superior PV, with an oblique catheter position, when tissue temperatures were Ͼ60°C, and when type 1 or type 2 microbubbles were present (Table 4) . Multivariate predictors of a Ͼ20°C temperature discrepancy included ablation in the right superior PV, with a strong risk trend with type 2 microbubble appearance ( Figure 5B ). (Table 6 ). In multivariate analysis, the appearance of type 1 microbubbles 
Microbubble Formation
Postablation Cooling
Despite termination of energy delivery at 120 seconds, temperatures remained within 1°C of the achieved steady state for Ϸ9 seconds before decreasing ( Figure 6 ). In comparison, tissue temperatures remained constant after 60-second ablations for only 6 seconds. The subsequent temperature loss was less dramatic after 60 seconds versus 120 seconds (maximum temperature decay for 60 seconds, 6 to 9 seconds: ablation 1, Ϫ0.53°C/s; ablation 2, Ϫ0.80°C/s; for 120 seconds, 10 to 13 seconds: ablation 1, Ϫ1.51°C/s; ablation 2, Ϫ1.82°C/s).
Pathology
At autopsy, no device-related trauma was noticed. Fullthickness lesions were achieved in all but 3 (3.2%) of the PV orifices. A total of 9 energy deliveries were delivered to these PV orifices. Figure 7 contains a histogram of ablation lesion 
Discussion
This study has several important findings relevant to the clinical practice of RF ablation of atrial arrhythmias. First, the 8-mm catheter-tip temperatures were correlated, in general, with tissue temperatures during 60-second energy deliveries. Second, after completion of the ablation, the steady-state temperature achieved persisted. In addition, the subsequent temperature decay was dependent on the initial ablation time. Third, large tissue and catheter-tip temperature discrepancies were more common with higher temperatures, an oblique catheter orientation, and prolonged ablation times. Fourth, estimation of tissue heating with either type 1 or type 2 microbubble formation as a guide was inaccurate, even at very high tissue temperatures (Ͼ80°C).
Although catheter-tip temperatures have been traditionally used to guide RF energy delivery, very little is known about the accompanying in vivo tissue temperatures. 11, 12 Even less is known regarding tissue temperatures generated at the PV orifice. In general, in non-PV tissue, tissue temperatures are correlated with lesion size. [13] [14] [15] With excessive temperatures, tissue charring, thrombus formation, and impedance rises occur, and the potential for collateral tissue injury is increased. 13 These surface changes may provide the substrate for embolic phenomena. Furthermore, PVs subject to high temperatures (Ͼ60°C) lose structural integrity of the underlying collagen and elastin matrix, with resultant circumferential narrowing. 3 These data underscore the need for accurate catheter-tip measurement of tissue temperatures.
Newer catheter designs incorporating 8-mm and irrigatedtip technologies have been developed to optimize efficacy while minimizing complications. 14 -22 With larger electrode sizes, the tip surface area exposed to the circulating blood increases, resulting in convective heat loss and tip cooling. 22 The process is similar to cooling produced by saline-irrigated tips. 15 Despite the use of these catheter designs in clinical practice, few data exist regarding the in vivo efficacy and safety. Furthermore, it is unclear whether temperatures recorded with an 8-mm tip accurately reflect tissue temperature Positive delta temperature represents gain in temperature after ablation cessation, whereas negative delta temperature refers to loss. Each line is labeled with number corresponding to ablation attempt.
at times or if an extensive "cooled-tip" effect is present near the PV orifice.
This study provides in vivo data generated at the PV orifice with use of an 8-mm tip and suggests a good correlation between catheter-tip and tissue temperatures during the first 60 seconds of ablation. A time-dependent augmentation in catheter-tip and tissue temperature discrepancy may reflect a thermal latency of the tissue in vivo. As previously reported and demonstrated in this study, although tip temperatures dropped instantaneously with termination of RF energy, tissue temperatures may continue to be elevated. 15, [23] [24] [25] Mechanistically, this is thought to result from 2 different heating processes. First, there is rapid resistive heating of a thin layer of tissue around the catheter tip during ablation. Second, there is a slower conductive heating of tissue at a distance. 24 With time, the overall impact of conductive heating is augmented, resulting in higher tissue temperatures despite consistent local resistive heating, as evidenced by the higher initial and latter steady-state temperatures with subsequent ablations in the same area. Furthermore, conductive energy persists after termination of energy delivery, which is directly related to ablation duration. These data explain why shorter ablation attempts may really reflect longer heating periods.
These data suggest that catheter-tip orientation influences the accuracy of predicted tissue temperatures. In particular, the oblique position was most associated with large temperature discrepancies. This may, in part, reflect incomplete contact between the catheter-tip temperature sensor and the tissue. With this catheter design, the parallel/perpendicular positions allow a thermistor to be in direct contact with the tissue. If the temperature sensor is exposed to a mixed blood/tissue interface, as with the oblique orientation, convective heat loss into the circulating blood may result in lower registered temperatures at the catheter tip. In turn, the catheter will increase the power erroneously, resulting in higher tissue temperatures. As demonstrated previously, in high-blood-flow states, there is an increased tissue-tocatheter-tip temperature discrepancy in a tissue-bath model in comparison with low-blood-flow states. 9 In the canine model, a perpendicular tip/tissue orientation in the right superior PV is difficult to achieve because of the angle created in the small left atrium. Furthermore, a parallel position is difficult to achieve in the right superior PV without entering the PV. Anatomic obstacles that prevent close contact of sensing thermistors to the tissue may, in part, account for the temperature discrepancies seen with the right superior PV in this study. These data reinforce the need to verify catheter position by ICE and fluoroscopy to ensure thermistor contact with the tissue.
Clinical Implications
This study suggests that a conservative approach to temperature titration be pursued. Marked catheter-tip and tissue temperature discrepancies were more likely to occur at higher temperatures. In addition, all lesions that reached a temperature of 60°C were transmural. Previous reports have demonstrated that irreversible electrophysiologic changes to myocytes occur early at 50°C. 26 Because only 1 ablation Ͼ55°C did not result in a transmural lesion, these data suggest that the target tissue temperature at the PV orifice should be 55°C. Furthermore, tissue temperatures remain elevated even after termination of RF energy. These data suggest that shorter ablation times may achieve therapeutic outcomes while minimizing complications associated with overheating.
These data also demonstrate the fallibility of titration of energy to achieve microbubbles as a surrogate marker of tissue overheating. This finding is of important clinical relevance because of the increasing practice of titrating ablation energy to type 1 microbubble formation. 4, 5 Although, on average, microbubble formation was correlated with excessive temperatures, there were ablation attempts with temperatures Ͼ80°C without microbubbles. Furthermore, type 2 microbubbles did not always follow type 1 microbubble formation.
Limitations
Data from an in vivo canine model may not be similar to human tissue characteristics and responses; however, this model represents a close approximation. Second, the thermocouples were implanted in a single area and may not fully represent 3-dimensional, conductive tissue heat transfer. Third, the data were generated from an 8-mm temperature- controlled catheter, and results may be different with other ablation tip and system designs. Fourth, the pathologic findings in this study must be viewed in the context of multiple regional ablation attempts. However, the interpretation of tissue temperatures in which nontransmural lesions occurred is more straightforward, thus allowing a general tissue temperature target. Fifth, these data were generated in left atrial tissue at the PV orifice. Linear ablation at other locations within the left atrium was not examined.
Conclusions
Current ablation approaches are limited because of the imprecise means of assessing actual in vivo tissue temperatures. Without accurate means to determine tissue temperatures, ablative complications that result from overheating will persist. This is a novel study revealing the actual in vivo tissue temperatures while using an 8-mm temperaturecontrolled catheter. In general, the catheter-tip temperatures were similar to those in tissue up to 60 seconds. Prolonged ablation times, tissue/tip contact, and catheter orientation influenced the accuracy of tissue temperature prediction. However, even after cessation of ablation, tissue temperatures remain elevated. To minimize excessive tissue heating, these findings should be considered when additional ablation attempts are made in a targeted area or when ablation delivery times are long. Additional studies of other catheter types in current ablative practice need to be performed to determine their in vivo accuracy to prevent complications associated with tissue overheating.
